To understand the fates of human mesenchymal stem cells (hMSCs) following transplantation into a rodent model of middle cerebral artery occlusion (MCAo), magnetic resonance imaging (MRI) techniques were employed. hMSCs were labeled with ferumoxides (Feridex)-protamine sulfate complexes, which were visualized and examined by MRI up to 10 weeks following transplantation. Migration of the transplanted cells to the infarcted area was further confirmed by histological methods. We found that the hMSCs transplanted in MCAo models possess the capacity to migrate to the infarcted area extensively in both ipsilateral and contralateral injections, exhibiting a pathotropism. We also analyzed the detailed migration patterns of transplanted hMSCs. We speculate that the extensive migratory ability of hMSCs may represent a therapeutic potential for developing efficient cell transplantation strategies in stroke.
INTRODUCTION MATERIALS AND METHODS

MCAo Animal Models and Preparation of hMSCs The utilization of magnetic resonance imaging (MRI)
for Transplantation approaches to noninvasively monitor cells that are labeled with MR contrast agents has been one of the major MCAo was induced according to the method of Longa using Sprague-Dawley male rats, weighing 250-research directions in the past several years (1-3,7,10, 11). In particular, the ability to image animals repeatedly 300 g (16) . hMSCs (a gift from Drs. Sung-Soo Kim and Haeyoung Suh-Kim at Ajou University, Korea) were using MRI offers an invaluable opportunity to longitudinally follow implanted cells in vivo, allowing a direct routinely maintained as previously described (12). For cell labeling, ferumoxide and protamine sulfate were ini-assessment of cell migration. In this study, we used a 4.7 T animal MRI to follow up the fates of human mes-tially prepared at a concentration of 2 µg/ml of DMEM each without serum, which were mixed for 30 min at enchymal stem cells (hMSCs) labeled with ferumoxides (Feridex)-protamine sulfate complexes following trans-room temperature and were subsequently added at an equal volume to the culture medium containing hMSCs. plantation into a rodent model of middle cerebral artery occlusion (MCAo) up to 10 weeks (3,16). Interestingly, Cells were cultured with the mixture for 12-16 h at 37°C. At 7 days post-MCAo, a total of 100,000 hMSCs we found that transplanted hMSCs were migrated to the lesioned sites extensively. In this report, we also de-(50,000 cells/µl) were transplanted stereotaxically into either the ipsilateral side (AP: +1.0 mm, ML: −2.0 mm, scribed the detailed migration patterns of transplanted hMSCs.
DV: −4.0 mm, from bregma) or the contralateral side 1008 KIM ET AL.
(AP: +0.5 mm, ML: +3.0 mm, DV: −4.0mm, from (Inductively Coupled Plasma Mass Spectrometer; Thermo Elemental, USA). To study the migratory effects of bregma) of the infarct region. In the control animals, in which 2 µl of cell suspension medium (i.e., DMEM) MSC, we transplanted Feridex-labeled hMSC at different locations in MCAo animal models, and followed was injected, stereotaxic coordinates were the same as those of contralateral injection. A total of 13 animals their migration patterns up to 10 weeks using MRI. Figure 1 shows some representative serial T2*-weighted (ipsilateral: 6, contra-lateral: 5, control: 2) were used in this study. Based on the study of Li et al. (14) , no immu-MR images taken from 2 days and 1, 2, 4, 6, 8, and 10 weeks following transplantation, respectively (equiva-nosuppressive agents were given during the course of MRI examination following hMSC transplantation. lent T1-and T2-weighted images were also obtained but not shown here). Interestingly, we found that there is a MRI Setting and Detection Methods strong tendency of transplanted hMSCs to migrate to-All experiments were performed using a 4.7 T Bio wards the infarcted area, regardless of injection sites Spec (Bruker, Germany) with T1-, T2-, and T2*-[i.e., ipsilateral ( Fig. 1A) vs. contralateral ( Fig. 1B) ]. weighted imaging techniques. To determine whether the However, migration of the transplanted hMSCs was infarcted area was visible by MRI, some rapid MRI exhardly detectable in the control (Fig. 1C ). When examamination was performed, which involved the acquisiined by MRI, in both ipsilateral and contralateral injection of 20 axial slices of the brain with the T1-weighted tions, the labeled cells started showing indications of spin echo sequence and T2-weighted rapid acquisition migration as early as 1 or 2 weeks following transplantawith relaxation enhancement (RARE) sequence. Acquition in our case, after which the MRI signals were gradsition parameters used were repetition time (T R ) = 600 ually intensified and extended towards the infarcted ms (T1w)/5000 ms (T2w); echo time (T E ) = 14 ms area. At 10 weeks, the majority of labeled cells were (T1w)/ 90 ms (T2w); 256 × 192 matrix; field of view detected not only at the boundary but also in the core of (FOV) = 4 × 3 cm; slice thickness = 1 mm; RARE facinfarcted area. In the latter case, the labeled cells were tor = 8. T2*-weighted images were obtained using fast found in various regions in the basal ganglia ( Fig. 1A , low angle shot (FLASH) sequence with the following B). Interestingly, in the case of contralateral injection, acquisition parameters: T R = 758 ms; T E = 30 ms; geomwe observed that the labeled cells were mainly detected etry parameters used were the same as above. MRI exclose to the infarcted area and no particular signal was amination was carried out regularly: initially at 2 days detected in other places. The migratory nature of transfollowing transplantation, then at day 7, afterwards planted hMSCs in MCAo animal models was shown to weekly up to 10 weeks. To understand the migration be consistent in all animals examined throughout this patterns in more detail, three-dimensional (3D) T2*study. As for the remaining signals found in the original weighted imaging techniques were also applied at 10 injection site and its vicinity, we performed immunohisweeks, in which acquisition parameters used were T R = tochemical staining using human-specific nuclei anti-560 ms; T E = 20 ms; 256 × 96 × 32 matrix; FOV = 4 × body and found that they do not correspond to the trans-3 × 1 cm. planted cells (data not shown). We speculate that these image artifacts may result from the residual Feridex Histological Analyses particles at the injection site. At 10 weeks following transplantation, histological examinations were carried out to analyze the trans-Migration Patterns of Feridex-Labeled hMSCs planted cells. Prussian blue staining was used to detect In addition to MRI analysis, we carried out histologithe Feridex-labeled hMSCs (3). Human-specific nuclei cal examinations at 10 weeks in order to understand the antibody (Chemicon, 1:500) was further used to confirm migration patterns of transplanted hMSCs to the inthat the Prussian blue-positive cells were originated farcted area. Figure 2A shows one original MR image from the transplanted human cells. Additional immunoand its corresponding histological analyses when Ferihistochemical staining was carried out using the follow-dex-labeled hMSCs were transplanted into the contraing antibodies: human-specific nestin (Chemicon, 1:200), lateral side of MCAo animal models. As shown in Figtype III β-tubulin (Chemicon, 1:500), MAP2 (Chemiure 1B, strong MRI signals were detected at the con, 1:200), tyrosine hydroxylase (Pel-Freeze, 1:1,000), boundary of infarct cavity. Prussian blue staining, which and GFAP (Santa Cruz, 1:1,000).
can detect Feridex-labeled cells by recognizing iron RESULTS oxides specifically, further provided the evidence that Detection and Migration of Feridex-Labeled the transplanted hMSCs were migrated to the opposite hMSCs Using MRI hemisphere and were detected clearly in various sites of the infarcted area ( Fig. 2A-a) . We also carried out The amounts of irons incorporated in each cell were shown to be 2.6 pg Fe/cell, according to the ICP/MS immunohistochemical staining using an antibody against human-specific nuclei, and found that the Prussian blue-migrated extensively to the posterior direction ( Fig.  2B-c) . positive cells were originated from the transplanted human cells ( Fig. 2A-a′) . In contrast, no particular signals DISCUSSION for either Prussian blue ( Fig. 2A-b ) or human-specific nuclei ( Fig. 2A-b′) were detected in the intact brain Over the past few years, there has been great interest in the potential of stem cells for the treatment of stroke, hemisphere when examined at 10 weeks after transplantation. We then attempted to characterize the cell types and recent clinical reports have indeed shown some functional improvements following stem cell transplan-using various neuronal and glial markers, including nestin, type III β-tubulin, MAP2, tyrosine hydroxylase, and tation in stroke patients (5). However, there has been no direct evidence showing a proof of principle, in which GFAP, but no double-labeled cells were detected (data not shown). Similar results were observed when Feri-the transplanted stem cells directly gave rise to a functional recovery. In this study, we showed that the fates dex-labeled hMSCs were transplanted into the ipsilateral side of infarcted area (data not shown). To deter-of transplanted human mesenchymal stem cells (hMSCs) can be efficiently monitored by using a 4.7 T animal mine the detailed migration patterns, we performed 3D T2*-weighted image analyses (Fig. 2B ). It appears that MRI. We found that Feridex-labeled hMSCs can survive at least up to 10 weeks following transplantation the migration patterns of transplanted cells from the injection site to the infarcted area were extraordinarily dy-into a rodent model of MCAo, of which MRI results were further confirmed by histological methods. It is in-namic. According to our observations, it appears that the contralaterally transplanted hMSCs initially crossed the teresting to note that the transplanted MSCs were shown to survive in the absence of immuosuppressive agents, border of each hemisphere, presumably through corpus callosum ( Fig. 2B-a) , and eventually reached the in-in agreement with the study of Li et al. (14) , in which hMSCs were shown to induce the proliferation of rat farcted area ventro-posteriorly ( Fig. 2B-a, b) . Interestingly, the labeled cells were detected not only at the lymphocytes without the induction of rat cytotoxic T lymphocytes. periphery but also in the core of the infarcted area. Moreover, it is noteworthy that a group of labeled cells According to our observations, it appears that there (Fig. 1A, B ). In particular, contralaterally transplanted as described above (Figs. 1B, 2B) . In some cases, it also wish to express their special thanks to anonymous reviewlooks as if slightly more cells were migrated when transers, who helped us to improve this work significantly.
planted contralaterally. However, it appears that degrees of cell migration detected by MRI were variable, pre-REFERENCES sumably due to the differences in ischemic condition in brain (9,13). Migration of transplanted hMSCs has been Efficient magnetic cell labeling with protamine sulfate reported previously (4,21). It is also known that neural complexed to ferumoxides for cellular MRI. Blood 104: stem cells exhibit pathotropism in either brain ischemic 3410-3412; 2004. or tumor animal models (6,18). More recently, while this
